A two-color, vacuum ultraviolet ͑VUV͒-infrared ͑IR͒, photoionization study using monochromatized undulator VUV synchrotron radiation and high-repetition rate IR optical parametric oscillator ͑OPO͒ laser source has been demonstrated at the Chemical Dynamics Beamline of the Advanced Light Source. The OPO setup, optical alignment, and ion detection arrangement are described. The VUV-IR ionization spectrum of Ar has been recorded in the energy region between the ionization thresholds for Ar ϩ ( 2 P 3/2 ) and Ar ϩ ( 2 P 1/2 ) to illustrate the feasibility and efficacy of this scheme as a general approach for high-resolution two-color photoionization studies. The autoionization resonances of the Ar(npЈ and n f Ј) Rydberg series are resolved up to the principal quantum number of nϭ57, showing that the optical resolution of 0.3 cm Ϫ1 ͑full width at half maximum͒ achieved in this two-color photoionization study is mostly limited by the bandwidth of the IR OPO laser and the Doppler width due to the random motion of the Ar sample.
I. INTRODUCTION
Vacuum ultraviolet ͑VUV͒ photoionization and photoelectron spectroscopy has made significant progress in the past decade. The major advance can be attributed to the development of VUV lasers [1] [2] [3] and the introduction of the laser based pulsed field ionization ͑PFI͒ technique. 4, 5 Rotationally resolved photoelectron spectra of diatomic molecules and simple hydride species can now be readily recorded with the VUV laser PFI-photoelectron ͑PFI-PE͒ 4, 5 and PFI-photoion 6 detection schemes. However, the full potential of VUV lasers for photoionization studies is still constrained by the inefficient tuning and small energy gaps that still exist in their tuning ranges. Parallel to the development of VUV lasers, highresolution, broadly tunable third generation undulator VUV synchrotron radiation sources have also been established in several synchrotron facilities worldwide. 7, 8 For example, the high-resolution monochromatized VUV undulator synchrotron source at the Chemical Dynamics Beamline of the Advanced Light Source ͑ALS͒ is equipped with a highresolution 6.65 m Eagle mounted VUV monochromator and provides medium-to-high resolutions, along with broad and rapid tuning capability to provide usable photons in the full energy range of ϳ8 -30 eV. 7 Synchrotron-based PFI-PE detection schemes demonstrating PFI-PE resolutions of 1-8 cm Ϫ1 ͓full width at half maximum ͑FWHM͔͒ have been well established at the Chemical Dynamics Beamline. 9, 10 Although the latter resolutions are poorer than those attained in VUV laser PFI-PE studies, 4,5,11 the major advantage of using synchrotron radiation 7 is its ease of tuning over the full VUV range.
With the availability of VUV laser and high-resolution third generation VUV synchrotron sources, together with the introduction of PFI techniques, the field of high-resolution photoionization and photoelectron spectroscopy has established a sound foundation for the next level of developments. 12 From the technical point of view, since the VUV PFI techniques involve long-lived high-n Rydberg states, it is most attractive to implement double resonance spectroscopic techniques by combining with other laser sources. The photoinduced Rydberg ionization ͑PIRI͒ method represents a promising double resonance spectroscopic method for high-resolution spectroscopic measurements of ions. 6 The basic idea is to prepare high-n Rydberg species at energies slightly below the first ionization energy ͑IE͒ by photoexcitation of the neutral precursor molecule. Since autoionization is not a feasible decay pathway, excited Rydberg species thus prepared are expected to have long lifetimes. The high-n ͑nу100͒ Rydberg molecule consists of an ion core and a weakly interacting Rydberg electron. Thus, the subsequent absorption of a second laser photon essentially involves excitation of the ion core. Upon excitation of the ion core to a bound level, the energy content of the high-n Rydberg molecule is above the IE, and autoionization would occur, resulting in the ejection of the Rydberg electron. The detection of the resulting ion or electron thus provides the absorption spectrum for the ion. This PIRI method basically utilizes the Rydberg electron as a messenger to a͒ Author to whom correspondence should be addressed; electronic mail: cyng@chem.ucdavis.edu probe the photoabsorption of the ion and has been successfully demonstrated in using pulsed lasers in the visible 6, 13 and infrared 14, 15 ͑IR͒ ranges, corresponding to electronic and vibrational excitations of the ion core.
Many high-frequency vibrational modes of polyatomic organic ions, such as C-H and O-H stretching modes are not excited in single photon VUV photoionization because the C-H and O-H bonds are often unaffected in photoionization. 14, 15 Thus, these vibrational modes cannot be observed in photoionization and photoelectron studies. However, these vibrational modes can readily be excited by IR light sources. By virtue of a two-photon process, the selection rule for PIRI is different from that for single-photon VUV photoionization. That is, many vibrational modes, which are symmetry forbidden in single-photon excitations, can be measured by IR-PIRI studies. Since the IR spectrum of a molecule contains valuable structural information for the molecule, the IR-PIRI scheme is expected to become an important experimental method for the spectroscopic studies of ions.
Recent advances in infrared ͑IR͒ optical parametric oscillator ͑OPO͒ laser sources have also added a great impetus to the development of IR-PIRI schemes. Fujii et al. 15 and Gerhards et al. 14 have successfully employed variances of the IR-PIRI detection scheme for measuring the C-H and O-H stretching frequencies of selected molecular ions. In these experiments, the high-n Rydberg species were prepared by resonant two-color UV laser excitations, taking advantage of a known intermediate level. A general method for preparing high-n Rydberg molecules for PIRI studies is by VUV excitation, such as that demonstrated by Johnson and Hofstein. 6, 13 The broadly tunable and high-resolution capability of a third generation synchrotron light source, such as that available in the Chemical Dynamics Beamline, 7,10 is attractive for VUV-IR PIRI studies. The successful combination of tunable IR OPO laser sources and the high-resolution synchrotron source is expected to significantly broaden the scope of photoionization and photoelectron spectroscopic studies.
The IR laser sources used in the IR-PIRI experiments 14, 15 of Gerhards and Fujii operate at a low repetition rate of Ͻ30 Hz and are not compatible with the very high duty factor of a synchrotron light source. For example, the ALS synchrotron ring operates at Ϸ488 MHz and is a pseudo-continuous light source. 7, 10 Continuous IR lasers and OPOs or synch-pumped mode-locked OPO laser sources can be difficult to operate and are usually limited by the low powers and/or narrow tunable ranges. Recently, Yu and Kung 16 developed a high-repetition-rate, high power, tunable IR-OPO based on diode-laser pumped laser technology. This OPO has broad tuning ranges in the mid-IR region. Using a grazing-incidence grating cavity arrangement, the OPO produces IR pulses at a repetition rate of several kHz with an optical bandwidth of 0.1-0.2 cm Ϫ1 ͑FWHM͒. 17 When used to excite rovibrational transitions, the kHz repetition rate of this IR-OPO laser source combined with the ms lifetime of vibrational states provides a good match in duty factor to the ALS synchrotron source. Together they offer a great opportunity to study both IR-VUV and VUV-IR photoionization dynamics.
Here we describe the details of a setup involving the high-repetition-rate IR-OPO laser of Yu and Kung 16 and the high-resolution VUV synchrotron radiation at the Chemical Dynamics Beamline to perform VUV-IR photoionization studies. The feasibility of applying this experimental setup is demonstrated by recording the autoionizing npЈ and n f Ј Rydberg series of Ar in the region between the ionization limits of Ar ϩ ( 2 P 3/2 ) and Ar ϩ ( 2 P 1/2 ). We found excellent quantitative agreement of the current data with earlier studies, 18 showing that the overall resolution of 0.3 cm Ϫ1 ͑FWHM͒ achieved in this VUV-IR photoionization study of Ar is mostly limited by the IR-OPO laser source. This initial experiment also established a standard alignment procedure to maximize the overlap of the invisible IR and VUV light sources. Figure 1 shows a schematic diagram of the OPO system, as well as the photoionization mass spectrometer used in this work. The OPO is a device that converts a fixed frequency laser at p into two outputs of frequency s ͑signal͒ and i ͑idler͒ such that p ϭ s ϩ i . The conversion is based on a second-order nonlinear interaction in an optical crystal. The current OPO is based on the grazing-incidence quasiphasematched periodically poled LiNbO 3 ͑PPLN͒ OPO that has been described in detail in Ref. 16 . The pump laser is a commercial laser-diode-pumped acousto-optic Q-switched Nd:yttrium-aluminum-garnet laser ͑Lightwave Electronics Model 210S͒. Here, the laser operates at 3 kHz with an average power of ϳ3 W. Its output at 1064 nm has a bandwidth of 0.6 cm Ϫ1 . The pump laser beam is coupled into the OPO cavity through a calcium fluoride mirror ͑CFIR͒, which is highly reflecting ͑RϾ95%͒ at a 45°angle of incidence at 1064 nm and highly transmitting ͑TϾ90%͒ from 2 to 4 m. The OPO cavity consists of a curved copper mirror ͑M1͒, a multiple-grating-period PPLN crystal ͑supplied by Crystal Technologies Inc.͒, a diffraction grating at grazing incidence ͑Grating 1͒, and a plane gold-coated tuning mirror ͑M2͒. These components are shown in Fig. 1 connected by doubleheaded arrowed lines. The polished copper mirror M1 is highly reflecting ͑RϾ99%͒ at all mid-IR wavelengths. The PPLN crystal has dimensions of 50 mm ϫ 11 mm ϫ 0.5 mm ͑length ϫ width ϫ thickness͒ and is enclosed in a temperature-controlled oven that is supported on an X-Y translation stage ͑not shown in Fig. 1͒ . The crystal is divided into eight different 1.1-mm-wide sections across its total width. Each section is fabricated with a grating period of a fixed width ranging from 30.0 to 31.2 m in steps of ϳ0.2 m. Combined, these eight sections can generate IR wavelengths from 2.1 to 3.3 m ͑idler͒. In this experiment, the section with a grating period of 30.2 m is used. For a temperature range of 75-200°C, tunable idler wavelengths of 2.9-3.24 m are obtained. To avoid any feedback due to reflection from the crystal surface that could produce un-wanted broadband parametric oscillation, the longitudinal axis of the crystal is tilted relative to the cavity axis.
II. EXPERIMENTAL CONSIDERATIONS

A. IR-OPO source
The intra-cavity diffraction grating is a standard 52-mmwide replica grating blazed at 3 m with a blaze angle of 26.9°and a 300 lines/mm groove density. The cavity is terminated by M2, which reflects the first-order diffraction of the resonating beam from the grating back into the cavity. The output of the OPO is obtained from the zeroth-order of the grating. In this experiment, the idler frequency i is resonated as opposed to the signal frequency s as reported in Ref. 16 . This results in a narrow band output of Ͻ0.2 cm Ϫ1 in the 3 m region for this experiment. Further improvement to Ͻ0.15 cm Ϫ1 can be achieved by employing two gratings if necessary but is not used in this demonstration experiment. The optimal incidence angle ␣ in this setup is between 88°a nd 89.3°in order to optimize both the output power and the linewidth resolution. The total cavity length measured from M1 to the center of the diffraction grating and then to the center of tuning mirror M2 is 13 cm.
Coarse tuning of the OPO is achieved by translating the vertical position of the PPLN crystal to select the crystal grating periods for the desired wavelength range. Fine wavelength scanning is achieved by rotation of M2 with a computer-controlled microstepping motor. A germanium filter ͑Ge filter͒ is used to block all the wavelengths shorter than 2 m. A small portion of the transmitted idler output is diverted into a photoacoustic cell ͑cell in Fig. 1͒ filled with ϳ6 Torr of pure C 2 H 2 gas used for wavelength calibration followed by a power meter behind the cell for power normalization. The main portion of the idler light is directed to a curved mirror that focuses the light into the photoionization region of the vacuum chamber with a diameter of ϳ300 m. At the full pump power, the idler output measured at the entrance to the experimental chamber is ϳ65 mW, corresponding to a pulse energy of 22 J at 3 kHz.
B. VUV source and arrangement for ion detection
The high-resolution VUV facility 7, 10, 19 at the Chemical Dynamics Beamline of the ALS was used in this experiment. This high-resolution facility consists of a 10 cm period undulator, a gas harmonic filter, a 6.65 m off-plane Eagle mounted monochromator, and a multi-purpose photoelectron-photoion spectrometer. Detailed specifications of the facility and related optical components have been described previously. 7, 10, 19, 20 Here we describe the beamline operation that is relevant to this experiment. Neon was introduced into the harmonic gas filter to eliminate radiation that is above 21.67 eV, which results from the higher-order harmonics of the undulator. The filtered VUV photon is directed into the 6.65 m off-plane Eagle mounted monochromator with entrance/exit slits of 50/50 m. focus is estimated to be about 240 mϫ360 m ͑vertical ϫ horizontal͒. 7, 19 The IR laser beam from the OPO is set such that the VUV beam and the IR beam counter propagate through the photoionization region of the experimental chamber.
The photoelectron-photoion apparatus is designed for multiple-purpose utilization. It can be used to perform photoionization, 7, 21 photoelectron, 10, 22 photoabsorption, photoelectron-photoion coincidence, 23 and state-selected ionmolecule reaction 24 experiments. A schematic diagram of the photoelectron-photoion apparatus is also shown in Fig. 1 . The apparatus has four differentially pumped chambers: a photoionization chamber, where the VUV beam, the IR beam, and the Ar effusive beam intersect, an electron timeof-flight ͑TOF͒ detection chamber, an octopole ion guide chamber, 24 and a quadrupole mass spectrometer ͑QMS͒ chamber. The Ar sample gas in the form of an effusive beam is introduced through a metal orifice of 0.5 mm diameter into the photoionization region to intercept the counterpropagating VUV and IR beams at an angle of 45°. During the experiment, the typical background pressure in the main chamber is maintained at ϳ2ϫ10 Ϫ6 Torr. This provides an estimated gas sample pressure of ϳ10 Ϫ3 Torr in the PI/PEX region. When the main chamber pressure goes above 5 ϫ10 Ϫ6 Torr, Ar ϩ ions resulting from collision-induced ionization of excited Ar in high-n Rydberg states can be observed below the Ar ionization threshold, producing undesirable background ions in this experiment.
The Ar ϩ ions produced in this experiment are extracted from the ion source by applying a small dc voltage of Ϯ0.2 V to the two repeller plates defining the PI/PEX region. The spacing of the plates is 8.9 mm, yielding an electric field of Ϸ0.44 V/cm. Upon exiting from the PI/PEX region, the ions are guided by 14 electrostatic aperture lenses to enter the rf octopole ion guide before the quadrupole mass filter ͑QMS͒, which was tuned to pass the desired Ar ϩ ion mass. The rf octopole ion guide is used here as part of the ion lens system. After the QMS, an additional set of six lenses is used to guide the transmitted Ar ϩ ions towards the Daley ion detector.
C. Alignment of VUV and IR beams
In two-color photoionization experiments, it is critical to obtain the maximum spatial and temporal overlap in order to get the best signal-to-noise ratio. In the present experiment, the VUV beam operates at a rate of 488 MHz. Disregarding the dark gap, the separation between adjacent micro-VUV pulses is 2 ns for the synchrotron source, whereas the duration for individual IR OPO pulses is ϳ15 ns and the pulses are separated by 333 s from each other for the repetition rate of 3 kHz used in this experiment. Although it is not possible to have perfect temporal overlap between the VUV and IR beam, achieving a good temporal overlap of the VUV and IR beams is not a problem when the IR pulse is on. That is, the duty factor for two-color VUV-IR photoionization is determined by the duty factor of the IR-OPO laser source.
However, since both the VUV and the OPO IR beams are invisible, the optical alignment presents some challenge and deserves a detailed description here. The VUV beam was designed to reach a focal size of Ϸ240 m ϫ 360 m in the PI/PE region. The IR-OPO beam was therefore focused to match this size. In order to obtain the maximum signal, the VUV and IR beams were directed to be counter-propagating and be aligned along the same axis with their foci coincided with each other. We found that the alignment of the VUV and IR beam can be effectively monitored using two-color VUV-IR photoionization of Ar. Since the frequency of the OPO output in the present experiment had been chosen to vary from 3050 to 3450 cm Ϫ1 , an Ar Rydberg energy level above 125 100 cm Ϫ1 was required for the IR photon to ionize the Ar atom above its second ionization threshold of 128 541.3 cm Ϫ1 . Consequently, the state 8d͓1/2͔ Jϭ1 Rydberg state at 125 135.831 cm Ϫ1 was selected as the resonant intermediate state. In order to ascertain that the VUV output from the monochromator properly hit the resonance of the 8d Rydberg state, 25 the monochromator was calibrated by introducing a small amount of Ar ͑0.6 Torr͒ into the gas harmonic filter to produce an absorption signal in the spectrum of the VUV beam. The VUV frequency was then tuned to the absorption peak and then Ar was replaced with Ne in the gas filter.
The alignment involved first using the zeroth order output of the monochromator, which contains a weak visible component. Upon exiting from the vacuum chamber, this zeroth order beam was guided by adjusting mirrors that are outside the vacuum chamber until the beam was observed to pass through the thin PPLN crystal in the OPO. We note that the zeroth order output is close, but not entirely collinear, to the first-order output of the off-plane Eagle monochromator. A liquid crystal paper was employed to trace the IR output from the OPO and alignment mirrors were adjusted to attain maximum overlap with the zeroth-order VUV beam throughout the entire optical path. Then the monochromator was switched to the first-order position to look for ion signal. When an ion signal was present, the alignment mirrors were scanned in small steps to adjust the direction of the IR beam until the photoion count reached a maximum. The optimal alignment of the VUV and IR beams often requires several iterations of fine tuning the mirrors that determine the horizontal and vertical directions.
D. Data acquisition
The schematic diagram of Fig. 2 shows the arrangement of the data acquisition electronics used in the present experiment. Signal from the photomultiplier of the Daly detector was preamplified before entering the discriminator for discrimination of dark noise from the photomultiplier. Output from the discriminator was then fed to a multichannel scalar ͑MCS, Stanford Research Systems model SR430͒, which recorded the ion time-of-flight ͑TOF͒ spectrum. The MCS was triggered by a signal that was synchronized to the OPO IR pulse. A total of 2000 bins were used for the ion spectrum. The time width of each bin was 320 ns. Figure 3͑a͒ depicts a typical spectrum recorded during alignment by setting the VUV energy at 125 286.28 cm
Ϫ1
͑corresponding to the formation of the Ar(3p 5 6dЈ 1 ) Ryd-berg state͒ 25 and the IR energy at 3124.5 cm Ϫ1 . Two IR laser-triggered cycles are displayed in the figure. The total accumulation time for this spectrum was 60 s. The peak in the spectrum at 92.8 s relative to the laser trigger is that of the Ar ϩ ion. This peak has a full width at half maximum of 3 s as is expected for the TOF width of ions formed from photoionization of a thermal Ar sample. The second peak at 426.2 s arises from the second IR laser-triggered cycle. Figure 3͑b͒ shows the TOF spectrum when the IR beam was blocked, while keeping other conditions the same. Only a few counts in a homogeneous background are present in Fig.  3͑b͒ . The total ion count for the full spectrum of Fig. 3͑a͒ is 3.81ϫ10 3 and for Fig. 3͑b͒ is 4 .8ϫ10 2 . This gives a signalto-noise ratio of 8:1. Since the Ar ϩ ion peak is correlated to the IR pulse, the signal-to-noise ratio can be significantly improved by time gating the ion signal. The timing for this process is shown in the schematic diagram of Fig. 2 . A 10-s-wide time gate was set to the center of the arrival time of the Ar ϩ ions, such that ions are only recorded when the IR beam is on. With gating, the signal-to-noise ratio was found to be 400:1 for an improvement factor of 50. We found that the gating of the Ar ϩ signal arising from the IR beam reduced the data collection time by a factor of 10. LabVIEW version 6.0 ͑National Instruments͒ was used to control the scanning of the OPO IR wavelength, the data acquisition, and the data transfer between the instruments.
III. APPLICATION
We demonstrated the use of the above experimental apparatus to study VUVϩIR two-photon excitation processes by recording the autoionization spectrum in the frequency region between the first Ar ϩ ( 2 P 3/2 ) and the second Ar ϩ ( 2 P 1/2 ) spin-orbit excited ionization thresholds of Ar. The ground state 3p 6 ( 1 S 0 ) of Ar was first excited by the VUV synchrotron beam at 125 135.83 cm Ϫ1 to the 3p 5 8d 1 state, which lies below the ionization threshold. The subsequent excitation of Ar(3p 5 8d 1 ͓1/2͔Jϭ1) by the IR laser beam results in excited Ar in autoionizing Rydberg states above the Ar ϩ ( 2 P 3/2 ) threshold, which converge to the spinorbit excited Ar ϩ ( 2 P 1/2 ) threshold. The IR-powernormalized PIE spectrum for Ar ϩ formed by VUV-IR excitation in the frequency range of 128 234 -128 550 cm Ϫ1 is displayed in Fig. 4 . In this figure, the frequency displayed in the horizontal axis represents the sum of the VUV and IR frequencies. The IR frequency was calibrated with a C 2 H 2 photoacoustic spectrum that was recorded simultaneously. A magnified portion of the PIE spectrum of resolved. The observed resonance peak energies for the Ar(npЈ)(E np Ј ) and Ar(n f Ј)(E n f Ј ) Rydberg series are listed in Table I . These (E np Ј ) and (E n f Ј ) values are fitted to the Rydberg formula shown in Eq. ͑1͒:
where IE2 is the converging limit or the IE for the formation of Ar ϩ ( 2 P 1/2 ), R is the Rydberg constant, and ␦ l is the quantum defect for the ͑n, l͒ series. A least-square fit using IE2
and ␦ l as adjustable parameters in Eq. ͑1͒ to the resonance energies E nl in Table I gives IE2ϭ128 541.3Ϯ0.1 cm
␦ f ϭ0.06Ϯ0.005 for the n f Ј series, and ␦ p ϭ1.60Ϯ0.005 for the npЈ series. These spectroscopic constants are in good agreement with previous results obtained by Muhlpfordt and Evin 18 using metastable atoms formed in electron impact as the intermediates for laser ionization studies.
Lower members for the Ar(npЈ) series observed here exhibit asymmetric profiles, which can be characterized by the Fano 26 line shape. On the basis of the previous study of Muhlpfordt and Evin, 18 the width of the Ar(npЈ) series is scaled by the power law, width Ϸ2100/(n*) 3 cm Ϫ1 , where n*ϭ(nϪ␦ l ) is the effective principal quantum number. The Ar(n f Ј) series observed here are known to be sharp and most members have widths narrower than the optical bandwidth of the IR laser. The observed experimental linewidths for the Ar(n f Ј) series are expected to be limited by the optical bandwidth ͑р0.2 cm
Ϫ1
, FWHM͒ of the IR laser and the Doppler width of 0.244 cm Ϫ1 ͑FWHM͒ due to the random motion of the Ar gas sample. On the basis of the FWHMs observed for members of the Ar(n f Ј) series, we conclude the overall resolution achieved in this experiment is Ϸ0.3 cm Ϫ1 ͑FWHM͒, which is consistent with the optical bandwidth of the IR laser and the Doppler width given above. This overall resolution translates into a resolving power of Ͼ426 000, which is significantly greater than the best resolving power ͑Ͼ200 000͒ 7, 8, 22 observed using the 6.65 m VUV monochromator. We also note that lines in Figs. 4 and 5 appear to have a broad base. This may be caused in part by the line shape profile of the IR OPO, which is found to have a line shape with a base broader than that of a Gaussian profile. 16 
IV. DISCUSSION
In this experiment, we have demonstrated the two-color VUV-IR photoionization experiment using Ar as a model system. The two-photon excitation allows the examination of the Ar(npЈ) and Ar(n f Ј) Rydberg series, which are not observable in single-photon ionization. This scheme can be extended readily to the study of molecular systems. Since molecules have internal degrees of freedom other than electronic excitation, neutral predissociation is a viable decay channel for excited molecular Rydberg states. The neutral predissociation of excited molecular Rydberg states may reduce the yield for ion formation via subsequent IR excitation. For the VUV-IR photoionization study of molecular systems, it should be beneficial to introduce the neutral precursor molecules using the supersonic beam method. The use of the supersonic beam method will not only reduce the Doppler broadening effect, but also reduce the excitation bandwidth due to rotational and vibrational cooling of the precursor molecules achieved by supersonic cooling.
The primary motivation for the present experiment is to investigate the possibility of combining high-resolution VUV synchrotron radiation and IR laser source for IR PIRI studies. 6 Here, VUV pumps the Ar atom to a low-n Rydberg state instead of to a high-n state as in PIRI, and then the second photon induces the Rydberg autoionization. The apparatus can easily be extended to study IR-PIRI to understand the vibrationally excited ion core at high resolution. In addition, this synchrotron-kHz-OPO approach should be applicable for two-color delayed PFI-PE studies of ionization processes that have been inhibited by selection rules or poor Franck-Condon considerations. The photoionization study of Muhlpfordt and Even 18 has demonstrated that the high-n (n Ͼ100) Rydberg levels for Ar have long lifetimes and thus delayed PFI-PE measurements can be implemented. With the overall improvement in resolution demonstrated here, we expected that PFI-PE measurements using the two-color VUV-IR excitation scheme would achieve PFI-PE resolutions close to that attained in laser VUV PFI-PE studies.
